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CORRECTIONS TO DRAWINGS 


Examiner requires new corrected drawings submitted 

Applicant corrected FIG. 1 to remove reference numerals 11,13, and 14 since 
numerals also appear in FIGS. 2-8 and refer to diflFerent items than in FIG. 1 . 

Applicant corrected FIGS. 2-8 to include arrows between reference numerals and 
corresponding elements. 

Applicant respectfully requests acceptance of FIGS. 1-8 in pages 3-10. 
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AMENDMENTS TO SPECIFICATION 


Examiner objected to the original filed specification because of numerous minor 
informalities. A number of other minor mistakes of grammar were identified as well 
Examiner requested an entire review of the deification. 

Attorney for Applicant reviewed the specification and found niunerous minor 
mistakes and informalities. 

Therefore, Applicant submits the Substitute Specification beginning on page 12 
and ending on page 32 to correct minor mistakes and informalities, i^plicant respectfiilly 
requests the Substitute Specification herein, less claims, replace the original version. The 
Substitute Specification includes no new matter. 

Accordingly, Applicant submits Marked-Up Version of original specification 
showing additions and deletions made to original specification beginning on page 33 and 
ending on page 60. 
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Substitute Specification 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an optical device. More particularly, the invention 
relates to a non-mechanical optical wavelength selective switch. 

2. Description of Related Art 

Fiberoptic wavelength division muWplexing (WDM) has emerged as the dominant 
platform for telecommunications, providing a major leap in capacity by enabling a single 
fiberoptic cable to transmit multiple waves of light at once thereby multiply increasing 
communication bandwidth. WDM systems transmit information by employing optical 
signals including a number of different wavelengths, known as carrier signals or channels. 
Each carrier signal is modulated by one or more information signals. For further 
bandwidth expansion, intelligent optical networks become critical in which optical 
channels are dynamically routed/switched in the optical layer. Therefore, wavelength 
selective optical routers/switches are a key component in next-generation optical 
networks. Such devices are analogous to electrical switches in electrical networks. Optical 
wavelength selective switches can be used to perform basic WDM functionalities, such as 
optical signal routing, channel add/drop, and dynamic multiplexing/demultiplexing. 
However, optical wavelength selective switching has not been widely adopted because of 
the lack of commercially available components of needed reliability. 

In an optical switch, a light signal must accurately enter into an optical fiber or 
much of the signal strength is lost. The alignment requirements of micro-optic devices are 
particularly stringent, as fiber core diameters are typically as small as 2 to 10 
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micrometers and their acceptance angle is fairly narrow. Furthermore, insertion losses 
reduce the amplitude of the optical signal. Therefore, optical switches that accept light 
from an input optical fiber and selectively couple that light to any of a number of output 
optical fibers must transfer that light precisely and within a small acceptance angle for the 
light to eflSciently enter the fiber. Currently, optical wavelength selective switching is 
achieved by coupling optical filters with mechanical optical switches. Consequently, such 
devices have many drawbacks including slow switching speed, low reliability, and bulky 
size. One such mechanical wavelength selective switch is described by Lee in U.S. Patent 
No. 6,192,174 issued on February 20, 2001. It is therefore greatly desirable to have 
integrated optical wavelength selective switches that direct light beams according to their 
wavelength without moving parts, a feature generally associated with high reliability and 
high speed. 

A non-mechanical optical wavelength selective switch is described and claimed 
by Wu et al. in U.S. Patent No. 5,694,233 issued on December 2, 1997. FIG. 1 depicts the 
optical wavelength sAvitch 999 from Wu et al., herein incorporated by reference. A WDM 
signal 500 contaming two different channels 501, 502 enters the optical wavelength 
switch 999 at an input port. A first birefiingent element 30 spatially separates the WDM 
signal 500 into horizontal and vertically polarized signals 101 and 102 via a horizontal 
walk-oflF element. Signals 101 and 102 are coupled to a two-aperture polarization rotator 
40. The polarization rotator 40 selectively rotates the polarization state of either signal 
101 or 102 by a predefined amount to render their polarization parallel. The polarization 
rotator 40 consists of two sub-element rotators that form a complementary state so that 
when one aperture turns ON the other turns OFF. By way of example, one signal 102 in 
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FIG. 1 is rotated by 90*" so that signals 103, 104 exiting the polarization rotator 40 are 
both horizontally polarized when they enter a wavelength filter 61 . 

A waveplate wavelength filter 61 selectively rotates the polarization of 
wavelengths in either the first or second channel to produce filtered signals 105 and 106. 
For example, the wavelength filter 61 may rotate wavelengths in the first channel 501 by 
90*^ but not wavelengths in the second channel 502. The filtered signals 105 and 106 then 
enter a second birefiingent element 50 that vertically walks oflF the first channel into 
beams 107and 108 and the second channel into beams 109 and 110. A second wavelength 
filter 62 then selectively rotates the polarization of signals 107 and 108 but not signals 
109 and 110 thereby producing signals 111, 112, 113 and 114 having polarizations that 
are parallel to each other. A second polarization rotator 41 then rotates the polarizations 
of signals 111 and 113, but not 112 and 114. The resulting signals 115, 116, 117, and 118 
then enter a third birefiingent element 70. This birefiingent element 70 combmes signals 
1 15 and 1 16, into the first channel, which is coupled to one output port and also combines 
signals 1 17 and 1 18 into the second channel, which is coupled mto another output port. 

As described above, by suitably controUing the polarization rotation induced by 
the polarization rotators 40 and 41, the optical wavelength switch 999 operates as a 
wavelength selective device. Furthermore, the optical wavelength switch 999 can also 
operate as a passive interleaver multiplexer or de-multiplexer via a fixed set of 
polarization rotators in 40 and 41 . 

The optical wavelength switch 999 has major drawbacks. First, it is 
disadvantageous^ based on a large spatial separation between two fibers located on the 
same side. The configuration requires individual imaging lens for each fiber port and 
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consequently requires large and long-length crystals to deflect the beams. The use of 
three separated collimators to couple the signals into and out of optical fibers adds size, 
complexity, and cost. Moreover, the long couple distance increases signal loss. The 
bulky size also leads to instabiUty, since operational stability is inversely related to the 
mass of birefiingent materials. As a result, the optical wavelength switch 999 typically 
has high loss, excessively large size, and is expensive to produce and less stable in 
operation. Second, the electrically controllable polarization rotators 40 and 41 are based 
on a two-part aperture design that rotates the optical beams separately in a 
complementary manner, i.e. when one turns ON the other turns OFF. Such a design is 
primarily for the incorporation of organic liquid crystal device (LCD) based polarization 
rotators. The LCD usually employs surface electrodes in the light path to apply an 
electrical field. Consequently, two individually controllable rotators can be easily 
fabricated on the same element via electrode patterns. However, the use of liquid crystal 
materials leads to undesirable properties of slow speed and large temperature 
dependence, which are objectionable for optical network applications. Recent progress in 
inorganic magneto-optic and electro-optic materials has opened new opportunities to 
produce solid-state optical switches of faster speed and high stability. However, the two- 
part separately controlled polarization rotator 40, 41 in the optical wavelength switch 999 
is unsuitable for incorporating inorganic crystals. This is so because it is very difficult 
and impractical to apply two opposite fields with reasonable uniformity to two adjacent 
Faraday crystals or electro-optic crystals, due to the strong field interference across the 
small spatial separation. 
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An optical interleaver described by Li in U.S. Patent No. 6,212,313 issued on 
April 3, 2001 represents some improvement by using dual fiber sharing a single imaging 
lens to reduce the size of the optical deyice. However, wavelength selective devices 
based on Li are primarily designed for passive interieaver appUcations. Li is not 
amenable to active wavelength selective switches, because it too is based on the same 
two-part aperture polarization rotator design described by Wu. For reasons described 
above, the Li invention is unsuitable for wavelength switching/routing applications usmg 
solid-state materials of magneto-optic garnet or electro-optic crystals as the controllable 
polarization rotators. Moreover, reflection type optical configurations like Li are based on 
the use of either three separated collimators or a triple collimator on one side to couple 
the signals into and out of optical fibers. The use of multiple individual collimators 
significantly increases size and adds cost. Also, a triple collimator substantially increases 
complexity, resulting in increased interdependency among alignments of elements along 
each optical path. Therefore, the manufacture of Li type devices is diflficult and 
production costs are high. 

Due to the diflBculties discussed above, solid-state wavelength switches are not 
commercially viable. Therefore, there is a need for an improved optical wavelength 
switch that overcomes the deficiencies inherent to the related art. It would be particularly 
desirable to provide optical wavelength selective switches combining low optical 
insertion loss, high-speed switchability, and high reliability. It is also important that 
these switches are constituted fi-om components of small size, require a reduced number 
of alignment steps, and have large assembly tolerance to facilitate low-cost manufacture. 
The inventive optical devices described here provide these critical attributes. 
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SUMMARY OF THE INVENTION 

The present invention provides a compact, robust and economical non-mechanical 
optical wavelength selective switch that can be eflBciently coupled to optical fibers using 
fewer parts and having larger assembly tolerance than the prior art. The inventive three- 
port device divides the incoming WDM optical signals into two subsets of channels and 
switchably directs them into two selected output ports in response to an electrical control 
signal. The invention allows for the use of inorganic crystal material to achieve fast, 
reliable and stable wavelength switching and filtering functions. The inventive 
wavelength selective switch uses at least one single lens to couple two fibers achieving 
small beam separation thus small size and low material cost. The invention fiirther 
consists of a light-bending device, situated to compensate for the angle between the two 
light beams that share the same lens, advantageously increasing alignment tolerance. 

The solid-state optical wavelength selective switch of the present invention has 
several advantages over the related arts. First, the inventive configuration places two fiber 
ports on the same side to be physically close and adjacent to each other and to share the 
same imaging element, leading to fewer optical elements comprising the entirety of the 
switch. The closely spaced beam propagation arrangement reduces the size requirements 
for each birefiingent beam deflection element, consequently lowering material costs. The 
design also results in a smaller footprint as compared to the prior art. Prior non- 
mechanical optical wavelength switches have an arrangement wherein each optical port 
has its own individual imaging element, disadvantageous^ requiring larger dimensions, 
and hence greater volume, within each separate component comprising the device. 
Second, the present invention incorporates a beam angle correction system, allowing 
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adjustment of position and angle substantially independently, redudng position 
sensitivity and achieving maximum light coupling. This inventive configuration greatly 
reduces assembly and packaging complexity and, therefore, is particularly desirable for 
volume production. Third, the present invention is based on electrically controllable 
polarization rotators having a single-part aperture. This simple configuration is better 
suited for using magneto-optic Faraday crystals or inorganic electro-optic materials as the 
controllable polarization rotator. Prior non-mechanical optical wavelength switches have 
disadvantageous configurations wherein the controllable polarization rotators utilize a 
two-part aperture of diflFerent rotations that is not amenable with using inorganic 
polarization rotating materials. 

In one aspect of the present invention, an optical signal within diflFerent channels 
may be rapidly and reliably switched between two optical paths, according to applied 
electrical control signals. The inventive optical wavelength switch may be used in 
teleconmiunications systems/sub-systems for applications such as WDM channel 
add/drop, dynamic reconfiguration, multiplexers/demultiplexers, and signal routing. The 
inventive optical wavelength selective switches are particularly suited for WDM optical 
network applications, where high-speed and reliable switching is required. These and 
other advantages of the inventive optical switches are elaborated in the specific 
embodiments described herein. 

The wavelength switch described here is a polarization-rotation based device in 
which a randomly polarized input light beam is split into a pair of beams of two 
orthogonal polarizations. The optical wavelength is fiirther split into two sets of 
complementary spectra of diflFerent polarizations by passing through waveplate-based 
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filters. The light beams fi^om one spectrum go to one fiber but that with the other 
spectrum goes into another fiber. The electrically controlled polarization rotators switch 
the state of polarization of the light beams fi^om one to the other, consequently switching 
the two sets of wavelengths fi*om one port to another port. The inventive device 
advantageously achieves routing while conserving all optical raergy regardless of the 
polarization of the input signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 depicts a perspective view of an optical wavelength switch according to the prior 
art. 

FIG. 2 is a perspective view of a three-port two-stage optical wavelength selective switch 
according to a first embodiment of the present invention. 

FIGS.3A-3B are top and side cross-section views, respectively, of a nonreciprocal optical 
wavelength switch as in FIG.2, illustrating the arrangement of each element within the 
switch body for this embodhnent. 

FIGS.4A-4B depict cross-section schematic views of the polarization of light traversing 
the switch shown in FIGS. 3A-3B. 

FIG.5 depicts a perspective view of a reflection mode nonreciprocal two-stage optical 

wavelength svdtch according to a second embodiment of the present invention. 

FIG.6 depicts a perspective view of a reflection mode bi-directional two-stage optical 

wavelength switch according to a third embodiment of the present invention. 

FIG.7 depicts a perspective view of a reflection mode passive optical wavelength 

interleaver according to a fourth embodiment of the present invention. 
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FIG.8 depicts a perspective view of a reflection mode bi-directional two stage optical 
light path switch according to a fifth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention achieves wavelength selection by passing Ught through at 
least one birefiingent crystal filter. The principle of its wavelength filtering fimction can 
be described by the following. A uniaxial crystal cut parallel to the optic axis introduces 
a relative phase difference A8 between the two polarization components of the incident 
light wave. This phase shift can be expressed as: 

A5(k)=2n I no(X)-ne(X) \VX (1) 

Where L is the crystal length, and no (X) and ne (X) are its ordinary and extraordinary 
refi*active indices, respectively. 

When A6 equals 2kn (k=0,l,2, ...), the relative retardation is one wavelength, the 
two polarization components are m-phase, and there is no observable effect on the 
polarization of the incident monochromatic beam. However, when A8 is equal to (2k+l)7C 
(k=0,l,2,...), the effect of the crystal in the light path is to rotate the polarized plane of 
the incident light by an angle between the incident polarization direction and the crystal's 
principle axis. When the crystal's principle axis is oriented at an angle of 45'' with the 
incident polarization plane, the polarization of the emerging light will rotate 90° relative 
to its ori^nal direction. 

Since the phase shift is also a fimction of wavelength, with a particular crystal 
length L, the birefiingent crystal can introduce a 2kn (k=0,l,2, ..) phase difference to Xi 
as well as a (2k+l)7c (k=0,l,2,) phase difference to X2 sunultaneously. These L values 
can be determined by following equations: 
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f A6(>.i)=27C I no (>.i)-ne (Xi) I VXi=2kK k=0,l,2,. . . 

< (2) 

I A5(A.2)=27t I no (X2)-ne (X2) I L/X2=(2k+l)7C k=0,l,2,. . . 

Therefore, with a proper thickness and optic axis orientation, a birefiingent crystal 
can selectively rotate the polarization of A,2 by 90'' and at the same time maintain the 
polarization of Xi, as a light beam containing Xi and X2 transmits through the birefringent 
crystal fiUer. The effect of the birefiingent waveplate filter on the incident light's entire 
wavelength spectrum generates two eigen states. The first eigen state carries a first sub- 
spectrum with the same polarization as the input, and the second eigen state carries a 
complementary sub-spectrum at the orthogorial polarization. For WDM signals, the 
eigen state wavelengths are matched to the ITU standard values and the two sets of eigen 
states interleave each other. The crystals used m the filter are designed to have different 
lengths and composed of different materials. These crystals are placed in series to achieve 
various wavelength interleaving spectral characteristics, such as flat top, and also to 
compensate for temperature and dispersion effects. 

The iM-esent invention will be fiirther described in terms of several optical 
wavelength switch embodiments having specific constituent components and specific 
configurations. 

Two Stage Wavelength Selective Switch 

FIG.2 schematically depicts an embodiment of a three-port, two-stage non- 
mechanical optical wavelength switch. The invention relates to an optical switch 
comprising several optical components which are optically coupled along a longitudinal 
axis including the following: two separate birefiingent elements 12, 13 wherein one 
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displaces at least one optical beam into two polarized component beams and the other 
combines at least two polarized component beams to form an optical beam; two two- 
aperture halfwave plates 14, IS, for separately rotating the polarization of the beams such 
that both beams have the same polarization state or for rotating two parallel polarization 
beams into orthogonal polarizations; two electrically controllable polarization rotators 16, 
17 for separately rotating the polarization orientation of the polarized component beams 
upon an applied electrical signal to direct beams between two paths; two birefiingent 
filters 18, 21 that separately and selectively rotate the polarization of wavelengths to 
produce filtered signals; a birefiingent walk-oflF element 20 which shifts one set of the 
polarized beams laterally to form a second path; and a beam angle deflector 19 that 
deflects all beams with a correction angle such that both optical paths are coupled into the 
dual collimators having an angle diflference between the two beam propagations. The 
switch has a two-stage cascaded configuration. 

To more specifically illustrate the method and system in accordance with the 
present invention, refer now to FIGS. 3 and 4 depicting one embodiment of a three-port, 
two-stage (1x2) optical wavelength switch. FIG. 3 A depicts a top cross-section view of 
the optical switch. FIG. 3B depicts a side cross-section view of the optical switch. FIG. 4 
finther depicts the polarization states of the propagating beams as they exit each 
component. A first optical fiber 1 is inserted into a first collimator 10. Opposite the first 
optical fiber 1, a second optical fiber 2 is inserted into a second collimator 11 and a third 
optical fiber 3 is inserted into the same second coUimator 11 adjacent to the second 
optical fiber 2, so that second optical fiber 2 and third optical fiber 3 are parallel. Beam 
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propagations from the second optical fiber 2 and the third optical fiber 3 have an angle 
with respect to the y-axis caused by the focusing lens inside the second collimator 11. 

As shown in FIGS. 4A-4B, a beam 30 containing a fiill spectrum of data passes 
through a birefiingent element 12 and is thereby divided into two beams 30A and 30B 
having orthogonal polarizations. The length of the birefiingent element 12 is adjusted to 
obtain a spatial separation between beams 30A and 30B, which permits them to pass 
through independent optical elements, such as a halfwave plate 14. Beam 30A then enters 
a halfwave plate 14 which rotates its plane of polarization by 45"* clockwise. Beam 30B 
enters another part of the halfwave plate 14 which rotates the plane of polarization by 45'' 
counterclockwise. The halfwave plate 14 renders the polarization of beams 30A and 30B 
parallel to each other. 

Considering a first switching state in which the light path of the spectral band that 
contains Xi is from port 1 to port 2 and the complementary spectral band that contains X2 
is guided out through port 3, as indicated in FIG. 4A. In this light path state, both beams 
30A and 30B enter the electrically controllable polarization rotator 16 which rotates the 
plane of polarization by 45^ clockwise when a corresponding electrical control current is 
applied. The beams 30A and 30B then pass through a birefiingent filter 18 which rotates 
the polarization of the Xi spectral band by 90'' but passes the spectrxmi band containing 
unaltered. The original beam 30 is now further decomposed into two sets of orthogonally 
polarized beams, namely, beams 31A and 31B for the X\ spectral band and beams 32A 
and 32B for the spectral band, as shown in FIG. 4A. The two spectral bands are 
subsequently spatially separated by a birefiingent walk-oflf element 20 which changes the 
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propagation of beams 32A and 32B of the Xi spectral band with a spatial displacement 
along the x-axis. 

All beams 31A, 31B, 32A, and 32B then pass through the second stage 
birefiingent filter 21 which rotates the polarization of beams 32A and 32B by 90'' but 
passes beams 31A and 31B unaltered. 

At this point, beams 31A, 31B, 32A, and 32B propagate parallel to the 
longitudinal y-axis but need to be bent at an angle 0 with respect to the y-axis in order to 
be eflBciently coupled into the dual fiber of the second collimator 11. A polarization- 
independent beam angle deflector 19 adjusts for this angle of propagation. 

All beams 31A, 31B, 32A, and 32B then pass through a second electrically 
controllable polarization rotator 17, which rotates their polarization by 45"" 
counterclockwise by applying an associated electrical current flow or field. All beams 
31A, 31B, 32A, and 32B fiirther enter a second halfwave plate IS, which selectively 
rotates the polarization of 32B and 31B by 45'' coimterclockwise and rotates 32A and 
32A by 45'' clockwise. A birefiingent element 13 subsequently combines orthogonally 
polarized beams 31A and 31B to form a smgle beam 31 that is also focused onto port 3. 
Similarly, the birefiingent element 13 combines beams 32A and 32B to form a single 
beam 32 that is focused onto port 2. An optical path fi-om port 1 to port 2 for the A.i 
wavelength band and another optical path fi-om port 1 to port 3 for the X2 wavelength 
band are established, when an appropriate control signal is applied to both Faraday-type 
electrically controllable polarization rotators 16, 17. 

Next, considering a second wavelength switching state in which the light path for 
Xi spectral band is fi-om port 1 to port 3 and for the complementary X2 spectral band is 
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from port 1 to port 2, as indicated in FIG. 4B. In this light path state, both beams 30A 
and 30B enter the first Faraday-type electrically controllable polarization rotator 16 
which rotates the plane of polarization by 45^ counterclockwise with a corresponding 
current, rendering them in the horizontal direction, as seen in FIG, 4B. A birefiingent 
filter 18 rotates the polarization of spectral band by 90"^ but does not change the Xi 
spectrum band. The two spectral bands are subsequently spatially separated by a 
birefiingent walk-off element 20 which alters the propagation of the Xi spectnmi band 
with a spatial displacement. The beam 30 is thereby fiirther divided into four beams, 
namely, beams 31A and 31B for the Xi spectrum band and beams 32A and 32B for the X2 
spectrum band. 

All beams 31A, 31B, 32A, and 32B then pass through a second stage birefiingent 
filter 21 which rotates the polarization of beams 32A and 32B by 90"" but passes beams 
31A and 31B unaltered. A polarization-independent beam angle deflector 19 fiirther 
bends the beams by an angle 9 with respect to the y-axis to facilitate coupling into the 
dual-fibers of the second collimator 11. 

All beams 31A, 31B, 32A, and 32B then pass through the second electrically 
controllable polarization rotator 17, which rotates their polarization by 45"" clockwise by 
applying an associated electrical current flow or field. The beams 31A, 31B, 32A, and 
32B fiirther enter a halfwave plate 15, which selectively rotates the polarization of 31B 
and 32B by 45° counterclockwise and rotates 31A and 32A by 45° clockv^se. The 
birefiingent element 13 subsequently combines orthogonaUy polarized beams 31A and 
31B to form a single beam 31 that is also focused onto port 3, Similarly, the birefiingent 
element 13 combines beams 32A and 32B to form a single beam 32 that is focused onto 
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port 2. An optical path from port 1 to the port 2 for the Xi wavelength band and another 
optical path from port 1 to port 3 for the X\ wavelength band are established, when a 
control signal that is opposite to that of the first switching state is applied to both 
Faraday-type electrically controllable polarization rotators 16 and 17. 

The above embodiment is a nonreciprocal device using electrically controllable 
polarization rotators 16, 17 comprising 45® magneto-optic Faraday rotators. Another 
preferred embodiment of FIG. 2 is a reciprocal wavelength switch. The reciprocal 
embodiment requires modification of the halfwave plates 14 and 15 and electrically 
controllable polarization rotators 16 and 17 having 90'' rotation in the above 
nonreciprocal embodiment. Both magneto-optic Faraday rotators and electro-optic 
retarders can be used to construct the 90"" electrically controllable polarization rotators 16 
and 17 in the reciprocal wavelength switch embodiment. As described in a pending U.S. 
patent application, serial no. 09/971,285, an inventive reciprocal Faraday rotator that 
comprises a switchable first 45'' garnet and a second permanent 45'' polarization rotation 
gamet is applicable to be used as electrically controllable polarization rotators 16 and 17 
in a bi-directional wavelength switch embodiment. The combined Faraday rotator rotates 
light polarization between 0** when the two gamet rotations cancel each other and 90'' 
when the two gamet rotations are in the same direction. An electro-optic rotator 
configuration with side electrodes described in the referenced apphcation is also 
applicable here to be used as electrically controllable polarization rotators 16 and 17 in 
the reciprocal wavelength switch embodiment. 

In one embodiment, the Faraday-type electrically controllable polarization rotator 
16 and 17 may be composed of yttrium-iron-gamet (YIG), or Bi-added thick fihn crystals 
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with a low field of saturation, such as less than 200 Oe to reduce power consumption. 
One example of such materials is the bismuth-substituted rare earth iron garnet single 
crystal system represented by a chemical formula (GdRBi)3(FeGaAl)50i2, where R 
denotes at least one element selected fi-om the group consisting of yttrium (Y), ytterbium 
(Yb) and lutetium (Lu). The electro-magnet is coupled to the Faraday rotator via copper 
coils. Iron aUoys are often incorporated into the electro-magnet to improve the strength of 
the electrically induced magnetic field. Semi-hard magnetic metallic alloys can be used to 
achieve latching performance, although this is not essential for self-latching type garnets. 
Therefore, the inventive switch requires only a current pulse to switch the optical paths 
fi:^om one to another by reversing the polarity and achieving latching of the switching 
state even when the current is removed. 

The general requirement for the electro-optic phase retarder used in the present 
invention is that, when a vohage is applied, a polarization rotation of 90*" or ± 45"* is 
produced. Preferably, the material has a high electro-optic coeflBcient to reduce operating 
vohages to less than 500-volts, good thermal stabiUty, and good transparency at the 
wavelength of interest, e.g., between 1200-nm and 1600-nm. These requirements are 
satisfied by a class of ferroelectric complex oxides which have a Curie temperature less 
than about 600*^0, so that electro-optic coefficients are high in the operation temperature 
range. Example material systems include a solid solution of lead manganese niobate and 
lead tantalate (PMN-PT) and a solid solution of lead niobate zirconate and lead tantalate 
(PNZ-PT), lead manganese niobate (PMN), lanthanum modified PZT (PLZT). More 
members of this class of materials may be discovered in the fiiture. It is particularly 
preferable to use single-crystal forms of the said class of ferroelectric materials as they 
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provide good repeatability and temperature independent operation. Another family of 
electro-optic materials applicable to the present invention is new solid organic materials, 
such as polymers and organic crystals with large electro-optic effect. Solid organic 
electro-optic materials have an advantage of higher switching speed due to their relatively 
smaller dielectric constant. 

The beam angle deflector 19 is typically a prism-based device. For example in 
some embodiments, the beam angle deflector 19 may consist of a tapered glass prism, 
whose angle is adjusted so that beams entering from ports 2 and 3 are rendered parallel to 
the y-axis as the beams exit the beam angle deflector 19. Other shapes and constructions 
of prisms can also perform the same function. In another embodiment, the beam angle 
deflector 19 can be constructed of two tapered birefringent plates usually formed from 
the same birefringent material to change angle of propagation. Two such examples are 
Wollaston-type and Rochon-type prisms. 

The above device is a specific embodiment. However, one of ordinary skill in the 
art will readily recognize that this method and system will operate effectively for other 
components having similar properties, other configurations, and other relationships 
between components. 

Reflection Mode Wavelength Selective Switch 

An alternative embodiment of the present invention is a folded-path, three-port 
optical wavelength selective switch configuration, which uses fewer and shorter 
components than the straight-path embodiment. 

FIG. 5 depicts a specific nonreciprocal dual-stage reflection mode (1^2) 
wavelength selective switch configuration. By use of a right angle prism 22, the 
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reflection mode switch essentially folds the straight switch in FIG,2 from the center. 
Therefore, the reflection configuration advantageously eliminates the second stage 
birefiingent filter 21, the electrically controllable polarization rotator 17, the halfwave 
plate 15, and the birefiingent element 13 as weU as shortens the lengths of birefiingent 
filter 18 and birefiingent walk-oflf element 20 by half due to the double pass inherent in 
this embodiment. A dove-type, prism-type position displacer 23 is incorporated here to 
provide larger separation between first collimator 10 and second collimator 11 for ease of 
manufacture. A plate 24 is also added to compensate for the travel distance (path-length) 
difference between the two polarization componrats caused by the birefiingent element 
12. In this embodunent, the switchable electrically controllable polarization rotator 16 is 
a 45° Faraday garnet rotator. The operation principle can be easily understood in the same 
way as the above embodiments by following the ray traces illustrated in FIG. 5. 

FIG. 6 depicts an examplary bi-directional single-stage reflection-mode 
wavelength switch. In this embodiment, the switchable electrically controllable 
polarization rotator 16 is a 90'' rotator of Faraday garnets or an electro-optic crystal, 
similar to the straight-path version discussed above. In this configuration, the halfwave 
plate 14 is comprised of a halfwave 90'' rotator bottom aperture and a polarization mode- 
dispersion compensation plate top aperture. This embodiment uses fewer components 
than the above embodiments. 
Reflection Mode Wavelength Interleaver 

The present invention can also be configured as a passive optical wavelength 
interieaver. FIG. 7 depicts a passive reflection interleaver embodiment. This inventive 
device uses fewer components and has increased alignment tolerance compared to the 
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prior art. Therefore, it is easier to produce and cost is lower. The operation principle can 
be easily understood by following the ray traces illustrated in FIG. 7, as described in the 
above sections. 

Reflection Mode Wavelength Independent Switch 

The inventive device can be further configured to function as a wavelength- 
independent optical light path switch by simply removing the birefiingent filter 18. FIG. 
8 depicts a bi-directional 1x2 optical switch embodiment. A light beam is launched 
through the first collhnator 10, spatially displaced by a dove-type, prism-type position 
displacer 23, so that alignments of first collimator 10 and second collimator 11 are easier 
made. The input beam is then decomposed into two orthogonally polarized components 
and spatially separated by the walk-oflF birefiingent element 12. Their polarizations are 
consequently rotated by a halfwave plate 14 rendering them parallel in the z-direction. 
Consider a first switching state in which the light path is fi-om port 1 to port 2, as 
indicated by the solid beam propagation line m FIG. 8. In this light path state, the 
electrically controllable polarization rotator 16 rotates the plane of polarization by C*. The 
two beams then pass through a birefiingent walk-ofiF element 20 unaltered. A right-angle 
prism 22 reflects the beams back so as to have a displacement in x-direction. The 
reflected beams pass through a birefiingent walk-off element 20 without change but are 
bent by a beam angle deflector 19 at an angle that matches the coupling angle of second 
collimator 11. Again, the reflected beams pass through the electrically controllable 
polarization rotator 16 without rotation. The halfwave plate 14 renders the parallel 
polarized reflected beams orthogonal and the walk-off birefiingent element 12 combines 
the two beams to form a single beam that is focused onto port 2 mounted in the second 
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collimator 11. An optical path from port 1 to port 2 is established, when no rotation is 
applied to the electrically controllable polarization rotator 16. 

Next, consider a second switching state in which the light path is from port 1 to 
port 3, as shown in FIG. 8 by the dotted beam propagation line. Similarly, a first optical 
fiber 1 emits a light beam that becomes two vertically polarized beams after the halftvave 
plate 14. In this light path state, an electrically controllable polarization rotator 16 rotates 
the plane of polarization by 90"*. The two horizontally polarized beams are then displaced 
a distance in the x-direction by passing birefiingent walk-oflf element 20. The right-angle 
prism 22 reflects back the beam with an additional displacement in the x-direction. The 
reflected beams pass through the birefiingent walk-oflF element 20 with another fiirther 
displacement in the x-direction and are bent by the beam angle deflector 19 at an angle. 
Again, the reflected beams pass through the electrically controllable polarization rotator 
16 with a second stage 90"" rotation. The halfwave plate 14 renders the parallel, polarized 
beams orthogonal and the walk-off birefiingent element 12 combines the two reflected 
beams to form a single beam focused onto port 3, An optical path from port 1 to port 3 is 
established, when a 90"* rotation is applied to the electrically controllable polarization 
rotator 16. 

The above descriptions of the 1x2 embodiments are very specific examples. It 
will be apparent to a person of average skill in the art that many variations of the switch 
are possible within the scope of the invention. Accordingly, the scope of the invention 
should be determined by the following claims and their legal equivalents. 
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ABSTRACT 

The present invention provides an improved optical wavelength switch in which 
no mechanical movement is required to direct optical pathways between several fiber 
ports. The inventive three-fiber port device divides incoming optical signals into two 
subsets of spectra and selectively directs them into two output ports in response to an 
electrical control signal. In the inventive switch, an optical signal is spatially split into 
two polarized beams, by a birefiingent element, which thereafter pass through a series 
polarization rotation elements and recombine into output fibers, achieving polarization 
independent operation. Advantageously, the inventive switch incorporates two-stage 
polarization rotations to improve isolation depth, as well as temperature and wavelength 
independence. The invention also incorporates light bending devices to allow two fibers 
to be coupled to the light beams via a single lens, thereby achieving small beam 
separation for compactness. Switches rely on electro-magnetically or electro-optically 
switching the beam polarizations fi-om one state to another to rapidly direct the light path. 
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Markcd-Up Version 

(Intended only to show additions and deletions made to Substitute Specification.) 

BACKGROUND OF THE ©IVENTION 

1. Field of the Invention 

The present invention is rnktod to optical dovicGs; mor e r elates to an optical 
device. More particularly, the invention relates to a^non-mechanical optical wavelength 
selective switches. 

2. Description of Related Art 

Fiberoptic wavelength division multiplexing (WDM) has emerged as the dominant 

platform for telecommunications, providing a major leap in capacity by enabling a single 
fiber-optic cable to transmit multiple waves of light at once thereby multiply increasing 
communication bandwidth. WDM systems transmit information by employing optical 
signals e fincluding a number of different wavelengths, known as carrier signals or 
channels. Each carrier signal is modulated by one or more information signals. For further 
bandwidth expansion, intelligent optical networks become critical i n which optical 
channels can b eare dynamically routed/switched in the optical lay e r b e com e critical. 
layer. Therefore, wavelength selective optical routers/switches are a key component inthe 
next-generation optical networks- n etworks. Such devices are analogous totfee electrical 
switches in electrical networks. Optical wavelength selective switches can be used to 
perform basic WDM functionalities, such as optical signal routing, channel add/drop, and 
dynamic multiplexing/demultiplexing. However, optical wavelength selective switching 
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has not been widely adopted because of the lack of conunercially available components of 
needed reliability. 

In an optical switch, a light signal mustbe accurately entered into an optical fiber 
or much of the signal strength w4H-beis lost. The alignment requirements of micro-optic 
devices are particularly stringent, as fiber core diameters are typically as small as 2 to 10 
micrometers and their acceptance angle is fairly narrow. Furthermore, A dditional 
insertion losses reduce the amplitude of the optical signal. Therefore, optical switches 
y^4riehthat accept light fi-om an mput optical fibor, and whic hfi ber and selectively couple 
that light to any of a pluralityn umbgr of output optical fibers must transfer that light with 
proci s o alignm e n tp reciselv and within thea small acceptance angle for the l ight to 
efl&ciently enter the fiber. Currently^ optical wavelength selective switching is achieved 
by coupling optical filters with mechanical optical switche s and consequently hav e 
drawbaoka o f switches. Consequentlv, such devices have manv drawbacks including slow 
switching speed, low reliabihty, and bulky size. One such mechanical wavelength 
selective switch is described in Log U S Pat b v Lee in U.S. Patent No. 6,192,174 
No.6 192 171 . i ssued on Februarv 20. 2001. It is therefore greatly desirable to have 
integrated optical wavelength selective switches that direct light beams according to their 
wavelength without moving parts, a feature generally associated with high reliability and 
high speed. 

A none-mechanical optical wavelength selective switch has been proposcdi s 
described and claimed by Wu et al. in U.S. Patent No. 5,694,233 issued on December 2. 
1997. F IG. 1 depicts a typioalt he optical wavelength switch 999 of the prior art as 
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dosoribod in US. Pat. No. 5,691,233, issuod to Wu ct al. on Boo. 2, 1097, whioh isfr om 
Wu et al., herein incorporatedheFein by reference. A WDM signal 500 containing two 
diflferent channels 501, 502 enters intorlGavor t he optical wavelength switch 999 at an 
input port-44-. A first birefiingent element 30 spatially separates the.WDM signal 500 into 
horizontal and vertically polarized oompon e nts agsals 101 and 102 byvia a horizontal 
walk-oflf element. Componcnt s Signals 101 and 102 are coupled to a two-aperture 
polarization rotato r 4 0 aooordingly. ^fh e40. The polarization rotator 40 selectively rotates 
the polarization state of either signal 101 or 102 by a predefined amount to render their 
polarization parallel. The polarization rotator 40 consists of two sub-element rotators that 
form a complementary istato. i.e. state so that when one aperture turns ^ON the other 
turns eflg OFF. By way of example, in FIG, l one signal 102 in FIG. 1 i s rotated by 90"" so 
that signals 103, 104 exiting the polarization r otator 40 are both horizontally polarized 
when they enter a wavelength filter 61 . 

Wavcplate bas e dA waveplate wavelength filter 61 selectively rotates the 
polarization of wavelengths in either the first or second channel to produce filtered 
signals 105 and 106. For example,Jhe wavelength filter 61 fetate smay rotate wavelengths 
in the first channel 501 by 90"" butdees notretate wavelengths in the second channel 502 
ot-aB. The filtered signals 105 and 106 then enter a second birefiingent element 50 that 
vertically walks oflf the first channel into beams 107and 10 8 . Th c lOS and the second 
channel fef»sinto beams 109 and 110. A second wavelength filter 62 then selectively 
rotates the polarizations of signals 4O7 rl07 and 108 but not signals 4 ^109 and 110 
thereby producing signals 111,112, 113 and 114^ having polarizations that are parallel 1q 
each other. A second polarization rotator 41 then rotates the polarizations of signals 1 1 1 
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and 113, but not 112 and 114. The resulting signals 115, 116, 117, and 118 then enter a 
third birefiingent element 70. ThifdTWs birefiingent element 70 combines signals 115 
and 116, into the first channel, which is coupled to one o utput port 1 4 . Birefiingent 
elem e nt 70 and also combines signals 117 and 118 into the second channel, which is 
coupled into another o utput port-43^. 

As described above, by suitably controlling the polarization rotation induced by 
the polarization r otators 40 and 41, devie ethe optical wavelength switch 999 operates as a 
wavelength selective switch, dejaca. Furthermore, the optical w avelengt hsel e otive switch 
999 can also operate as a passive interleaver multiplexer or de-multiplexer usingvia a 
fixed sets of polarization rotators in 40 and 41. 

The optical w avelengt hsolectiv e switch 999 has major drawbacks. First, Wu's 
s witohi t is disadvantageously based on a large spatial separation between two fibers 
located on the same side. The configuration reqmres individual imaging lens for each 
fiber port and consequently need srequires large and long-length crystals to deflect the 
beams. The use of three separated collimators to couple the signals into and out of optical 
fibers adds size, complexity, and cost. Moreover, the long coupling couple distance 
increases signal loss. The bulky size also leads to in - stability, sinoo the greate r instability. 
since operational stabilitv is inversely related to the mass of birefiingent materialsHhe 
more unstable its operation . As a result, the optical wavelength switch 999 typically has 
teg ehigh loss, excessively large size, and is expensive to produce and less stable in 
operation. Second, the electrically controllable polarization rotators 40 and 41 are based 
on a two-part aperture design that rotates the optical beams separately in a 
complementary manner, i.e. when one turns bbON the other turns eS -OFF. Such a 
design is primarily for the i ncorporation of organic liquid crystal device (LCD) based 
polarization rotators. The LCD usually employs surface electrodes in the light path to 
apply an electrical field. Consequently, two individually controllable rotators can be 
easily fabricated on the same element via electrode patterns. However, the use of liquid 
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crystal materials leads to undesirable properties of slow speed and large temperature 
dependence, which are objectionable for optical network applications. Recent progress in 
inorganic magneto-optic and electro-optic materials have opened now opportunities to 
produco solid has opened new opportunities to produce solid-state stat e optical switche s 
of faster speed and high stability. — However, the two port separately controlled 
polarization rotator 4 0 and 4 1 design in 999 is unsuitable for incorporating inorganic 
crystal s . This is b e cause it is v e ry diflSoult and unpractical to apply two opposit e fields 
with reasonabl e uniformity to two adjacent Faraday crystals or olootro optic crystals, du e 
to the strong field interferenc e across th e small spatial s e paration. 

The optical intcrlcavcr as described by Li, U.S.Pat.No.6212313 represents some 
improvement by using dud fiber sharing a s ingle imaging lens to reduce the optical 
d e vic e s iz e . — However, Li' s wavel e ngth s e lective d e vices ar e primarily design e d for 
passive int e rl e av e r application s . It has a disadvantage to b e ing reconfigured as an activ e 
wavelength selective switch, because it is based on the same two part aperture 
polarization rotator design as d e scribed by Wu. — For reasons described obovo, Li's 
d e signs ar e unsuitabl e for wav e l e ngth switching/routing applications using solid-stat e 
mat e rials of magn e to - optic garn e t or e l e ctro optic crystals as th e controllabl e polarization 
rotators. — Moreov e r, Li's reflection type optical configuration s ar e based on the us e of 
cither three separated collimator s or a triple collimator on one sid e to coupl e the signals 
into and out of optical fib e r s . Using three individual collimator s significantly add s s iz e 
and cost. Using a triple collimator substantially incr e ases compl e xity, resulting in 
increased int e rd e p e ndenoy among the alignments of the elements of each optical path. 
Ther e for e , manufacture of Li's device i s diflScult and th e associat e d production co s t is 

Duo to the abov e diflSculti e s, the solid -s tate wavelength switch has not yet been 
conmiercially viable. — There i s a need, therefore, for an improved optical wavelength 
s witch that overcomes the abov e drawbacks. It would be particularly d e sirable to provid e 
optical wavelength s electiv e s witches combining low optical insertion loss, high speed 
switching speed, and high reliability. — Its is also important that these switches ar e 
constituted fi'om components of small size, requir e a r e duced numb e r of alignment steps. 
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and have largo assembly tol e rance to facilitat e low eost manufactur e . — The inventive 
optical device s described h e r e provid e th e se critical attribut e s. 

optical switches of faster speed and high stability. However, the two-part 

separately controlled polarization rotator 40, 41 in the optical wavelength switch 999 is 

unsuitable for incorporating inorganic crystals. This is so because it is very dLfficult and 

impractical to apply two opposite fields with reasonable uniformity to two adjacent 

Faraday crystals or electro-optic crystals, due to the strong field interference across the 

small spatial separation. 

An optical interleaver described by Li in U.S. Patent No. 6,212,313 issued on 

April 3, 2001 represents some improvement by using dual fiber sharing a single imaemg 

lens to reduce the size of the optical device. Howeven wavelength selective devices 

based on Li are primarily designed for passive interleaver applications. Li is not 

amenable to active wavelength selective switches, because it too is based on the same 

two-part aperture polarization rotator design described bv Wu. For reasons described 

above, the Li invention is unsuitable for wavelength switching/routing applications using 

solid-state materials of magneto-optic garnet or electro-optic crystals as the controllable 

polarization rotators. Moreover, reflection type optical configurations like Li are based on 

the use of either three separated collimators or a triple collimator on one side to couple 

the signals into and out of optical fibers. The use of multiple individual collimators 

significan tly increases size and adds cost. Also, a triple collimator substantially increases 

complexity, resulting in increased interdependency among alignments of elements along 

each optical path. Therefore, the manufacture of Li type devices is difficult and 

production costs are high. 
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Due to the difficulties discussed above, solid-state wavelength switches are not 
commerciallv viable. Therefore, there is a need for an improved optical wavelen|gth 
switch that overcomes the deficiencies inherent to the related art. It would be particularlv 
desirable to provide optical wavelength selective switches combining low optical 
insertion loss, high-speed switchabilitv, and high rehability. It is also important that 
these switches are constituted fi^om components of small size, require a re duced number 
of alignment steps, and have large assembly tolerance to facilitate low-cost manufacture. 
The inventive optical devices described here provide these critical attributes. 
SUMMARY OF THE INVENTION 

The present invention provides a compact, robust and economical non-mechanical 
optical wavelength selective switch that can be efficiently coupled to optical fibers using 
fewer parts and having larger assembly tolerance than the prior art. The inventive ^ffee 
fihor port dovicGs divid e three-port device divides the incoming WDM optical signals into 
two subsets of channels and switchably directs them into two selected output ports in 
response to an electrical control signal. The invention allows for the use of inorganic 
crystal material to achieve fast, reliable and stable wavelength switching and filtering 
functions. The inventive wavelength selective switch e s us eswitch uses at least one single 
lens to couple two fibers achieving small beam separation thus small size and low 
material cost. The invention further consists of a light-bending device, situated to 
compensate for the angle between the two light beams that share the same lens, 
advantageously increasing alignment tolerance. 

The solid-state optical wavelength selective switch of the present invention has several 
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advantages over the related arts. First, the inventive configuration places two fiber ports 
on the same side to be physically close and adjacent to each other and to s hare the same 
imaging element, leading to fewer optical elements comprising the entiretv of the switch. 
The closely spaced beam propagation arrangement reduces the size requirements for each 
birefiingent beam deflection element, consequently lowering material costs. The design 
also results in a smaller footprint as compared to the prior art. Prior non -mechanical 
optical wavelength switches have an arrangement wherein each o ptical port has its own 
individual imaging element, disadvantageouslv requiring l arger dimensions, and hence 
greater volume, within each separate component comprising the device. Second, the 
present invention incorporates a beam angle correction svstem. allowing ad justment of 
position and angle substantially independently, reducing position s ensitivity and 
achieving maximum light coupling. This inventive configuration greatly reduces 
assembly and packaging complexity and, therefore, is particularly desirable for volume 
production. Third, the present invention is based on electrically controllable polarization 
rotators having a single-part aperture. This simple configuration is better suited for using 
magneto-optic Faradav crystals or inorganic electro-optic materials as the controllable 
polarization rotator. Prior non-mechanical optical wavelength s witches have 
disadvantageous configurations wherein the controllable polarization rotators utilize a 
two-part aperture of different rotations that is not amenable vnth using inorganic 
polarization rotating materials. 

In one aspect of the present invention, an optical signal within dif ferent channels 
may be rapidly and reliably switched between two optical paths, according to applied 
electrical control signals. The inventive optical wavelength syvitch mav be used in 
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telecommunications systems/sub-svstems for applications such as WDM channel 
add/drop, dynamic reconfiguration^ multiplexers/demultiplexers, and signa l routing. The 
inventive optical wavelength selective switches are particularly suited for WDM optical 
network applications, where high-speed and reliable switching is required. These and 
other advantages of the inventive optical switches are elaborated in t he specific 
embodiments described herein. 

The wavelength switch described here is a polarization-rotation based device in 
which a randomly polarized input light beam is split mto a pair of beams of two 
orthogonal polarizations. The optical wavelength is fiirther split into two sets of 
complementary spectra of diflferent polarizations bv passing through waveplate-based 
filters. The light beams fi-om one spectrum go to one fiber but that with the other 
spectrum goes into another fiber. The electrically controlled polarization rota tors switch 
the state of polarization of the light beams from one to the other, consequently switching 
the two sets of wavelengths from one port to another port. The inventive device 
advantageously achieves routing while conserving all optical energy reg ardless of the 
polarization of the input signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG, 1 depicts an isom e tri o a perspective view of an optical wavelength switch according 
to the prior «=t rart. 

FIG. 2 is on isometri o a perspective view of a three-port two-stage optical wavelength 
selective switch according to a first embodiment of the present invention. 
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FIG. 3 is g plan vio wF IGS.3A-3B are top and side cross-section views, respectively, of a 
nonreciprocal optical wavelength switch of FIG 2^ and illustrat e s a s in FIG. 2, illustrating 
the arrangement of each element within the switch body for this embodiment. FIGSJA 
and 3B arc top view and sid e view of th e inv e ntiv e switch, r e spectively. 

FIG. 4 depicts cros s s e ction F IGS.4A-4B depict cross-section schematic views of the 
polarization of light transv e r s ing the yiwtoA of FIG. 3 after each component as th e optical 
signd tmvQh along tho optiofll paths, in aooordanoo with the inv e ntion. t raversing the 
switch shown in FIGS. 3 A-3B. 

FIG. 5 depicts an isom e tri ca perspective view of a reflection mode nonreciprocal two- 
stage optical wavelength switch according to a second embodiment of the present 
invention. 

FIG. 6 depicts an isom e tric a perspective view of a reflection mode bi-directional two- 
stage optical wavelength switch according to a third embodiment of the present 
invention. 

FIG. 7 depicts an isometri c a perspective view of a reflection mode passive optical 
wavelength interleaver according to a fourth embodiment of the present invention. 

FIG. 8 depicts an isometri c a perspective view of a reflection mode bi-directional two 
stage optical light path switch according to a fifth embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE SPFriFfC FAfRODIMENT SI NVENTION 

Tho solid state optical wav e length soloctive switch of thi s invention has several 
advontag e s over prior designs. First, the inventiv e configuration places two fiber ports on 
the sam e side to b e physically close and adjacent to each other and to s hare the sam e 
imaging e lement, leading to few e r optical e lem e nt s compri s ing th e cntiriety of the switch. 
Tho closely spaced beam propagation arrangement reduces the size requirement for each 
bir e fiing e nt beam deflection element, consequently lowering comprising material cost. 
Th e d e sign also r e sults in a small e r footprint of the devic e s as compar e d to th e prior art. 
Prior non - mechanical optical wavelength switche s have an arrangement wherein each 
optical port has its own individual imaging element, disadvantageously requiring larg e r 
dim e nsions, and hence volume, of each separate component comprising the d e vice. 
Second, the design inoorporatos a beam angl e correction system, allowing adjustment of 
position and angle substantially ind e pendently, — reducing position sensitivity and 
achieving maximum light coupling. This inventiv e configuration gr e atly reduc e s th e 
assembly and packaging complexity and, th e r e fore, is particularly desirable for volum e 

production. Third, the inventive switches are based on e lectrically controllabl e 

polarization rotators having a singl e part apertur e . — This simple configuration is better 
suited for using magneto optic Faraday crystals or inorganic electro optic materials as th e 
controllable polarization rotator. Prior non m e chanical optical wav e l e ngth switches have 
disadvantageous configurations wh e r e in th e controllable polarization rotators utilize a 
two - part aperture of diflFer e nt rotation s that is not amenable with using inorganic 
polarization rotating mat e rials. 

In one a s pect of the invention, an optical signal of diflFerent channels may b e 
rapidly and reliably s witched between two optical paths, according to appHcd el e ctrical 

control — signal s . The — inventive — optical — wav e l e ngth — switch — ms^ — be — used — in 

telecommunications — systems/sub - systems for applications — such as WDM chann e l 
add/drop, multipl e x e rs/demultiplexers, dynamic r e configuration, and s ignal routing. Th e 
inventiv e optical wav e l e ngth selective switche s are particularly suited for WDM optical 
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network applioations, wh e re high sp ee d and reliable switching i s r e quired. Those and 
oth e r advantages of the inventive optical switches arc e laborated in the speoific 
embodim e nts now describ e d. 

The wav e l e ngth switch describ e d hero is a polarization - rotation bas e d device in 
which a randomly polarized input light beam is split into a pair of beam s of two 
orthogonal polarizations; the optical wavelength is fiirther split into two sets of 
compl e mentary sp e ctra of diff e rent polarizations by pas s ing through wav e plate - based 
filters; the light beams with one sp e ctrum go e s to one fiber but that with the oth e r 
spectrum goes into anoth e r fiber. Th e e l e ctrically controlled polarization rotators switch 
th e stat e of polarization of th e light beams fi-om one to the oth e r, consequently s witching 
the two sots of wav e l e ngths fi-om on e port to anoth e r port. — The inv e ntiv e devic e 
advantag e ou s ly achieves routing while conserving all optical energy regardless of the 
polarization of th e input signals. 

The invontivo devices achiov ep resent invention achieves wavelength selection by 
passing light through at least one birefiingent crystal filter. The principle of its 
wavelength filtering fiinction can be described by the following. A uniaxial crystal cut 
parallel to the optic axis introduces a relative phase difference A5 between the two 
polarization components of the incident light wave. This phase shift can be expressed as: 

A6(X)=27r|no(A,).ne(X)|L/X (1) 

Where L is the crystal length, and no (X) and ne (X) are its ordinary and extraordinary 
refractive indices, respectively. 

When A5 equalste Ikn (k=0,l,2, ...X the relative retardation is one wavelength, 
the two polarization components arebaek in-phase, and there is no observable effect on 
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the polarization of the incident monochromatic beam. However, when A5 is equal to 
(2k+l)7i (k=0,i;2,...), the effect of the crystal in the light path is to rotate the polarized 
plane of the incident light by an angle between the incident polarization direction and the 
crystal's principle axis. When the crystal's principle axis is oriented at an angle of 45® 
with the incident polarization plane, the polarization of the emerging light will rotate 90® 
relative to its original direction. 

Since the phase shift is also a function of wavelength, with a particular crystal 
length L, the birefiingent crystal can introduce a 2kn (lc=0,l,2,. ..) phase difference to A,i 
as well as a (2k+l)7C (k=0,l,2,) phase difference to X2 shnultaneously. These L values 
can be determined by following equations: 

f A8(Xi)=27C I no (A.i)-ne (Ki) I LAi=2k7C k=0,l,2,. . . 

i (2) 

I A6(X2>=27C I no (X2)-ne (X2) I La2=(2k+l)7i k=0,l,2,. . . 

Therefore, with a proper thickness and optic axis orientation, a birefiingent crystal 
can selectively rotate the polarization of X2 by 90® and at the same time maintain the 
polarization of Xi, as a light beam containing Xi and X2 transmits through the birefiingent 
crystal filter. The effect of the birefiingent waveplate filter feron the incident light's 
entire wavelength spectrum i s g e n e rating generates two eigen states. The first eigen state 
carries a first sub-spectrum with the same polarization as the input, and the second eigen 
state carries a complementary sub-spectrum at the orthogonal polarization. For WDM 
siganls, thos e signals. the eigen state wavelengths are matched to the ITU standard values 
and the two sets ofthe eigen states interleave each other. The crystals used in the filter ean 
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beare designed ¥h Mo have different lengths and ^ fecomposed of different materials. 
These crystals can b eare placed in series to achieve various wavelength interleaving 
spectral characteristics, such as flat top, and also to compensate for t emperature and 
dispersion effects. 

The present invention will be fiirther described in terms of several optical 
wavelength switch embodiments having specific constituent components andhawng 
specific configurations. 

Two Stage Wavelength Selective Switch 

Fig:SFIG2 schematically depicts an embodiment of a ^-p ^hree-port. two- 
stage inventive non-mechanical optical wavelength switch. The invention relates to an 
optical switch comprising several optical components which are optically coupled along 
thea longitudinal axis including the following: two separate birefiingent elements 12, 13 
axis: a pair of b e am displac e r/oombin e r s 12 and 13 tha tw herein one displaces at least one 
optical beam into two polarized component beams and the other combines at least two 
polarized component beams to form an optical beam; a pair oft wo two-aperture halfwave 
plates ^-andl4> IS, for separatelv r otating the polarization of the beams such that both 
beams have the same polarization state or for rotating two parallel polarization beams 
into orthogonal polarizations; a pair oft wo electrically controllable polarization r otators 
16 and l6, 17 for separately r otating the polarization orientation of the polarized 
component beams upon an applied electrical signal to direct beams between two paths; a 
pair o ft wo birefiingent filters 1 8 and l8. 21 that separately and selectively rotate the 
polarization of wavelengths to produce filtered signals; a polarizatio abirefiingent walk- 
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off efvsta lelement 20 which shifts one set of the polarized beams laterally to form a 
second path; and a beam angle deflector 19 that deflects all beams with a correction angle 
such that both optical paths are coupled into the dual collimators that hav e h aving an 
angukF angle difference between the two beam propagations. The switch has a two-stage 
cascaded configuration. 

To more specifically illustrate the method and system in accordance with the 
present invention, refer now to FIGS. 3 and 4 depicting one embodiment of a three 
pe rtthree-port. two-stage (1>^2) optical wavelength switch. FIG. 3 A depicts a top cross- 
section view of the optical switch, FIG. 3 A d e picts a top cross s e ction view of th e optical 
switch and FIG 3B depicts a side cross-section view of the optical switch. FIG._4 fiirther 
depicts th cpropagating beams' polarization states of the propagating beams as they exit 
each component. A first optical fiber 1 is inserted into a first collimator 10. Opposite first 
fiber 1, a s e cond optical fiber 2 is inserted into a second collimator 11 and a third optical 
fiber 3 is insert e d into the same collimator li t he first optical fiber 1, a second optical 
fiber 2 is inserted into a second collimator 11 and a third optical fiber 3 is inserted into 
the same second adjacent to fib e r 2, so that fib e r 2 and fiber 3 are parallel. B e am 
propagations firom fiber 2 and fib e r 3 have an angle with r e sp e ct to the y axis caused by 
the focusing l e ns in s ide the collimator. 

As shown in Fig. 4 , b e am 30 that contains th e fiiU sp e ctrum of data passes through 
a first birefiing e nt block 12 and i s th e r e by divid e d into two beam s having orthogonal 
polarization s , specifically beanfis 30A and 30B. The length of bircfiing e nt block 12 is 
adju s t e d to obtoin a s patial separation betw ee n b e am s 30A and 30B, which permits th e m 
to pas s through ind e p e nd e nt optical e l e m e nt s , such as two - part ap e rture waveplate 1 4 . 
B e am 30A then ent e rs a fir s t halfwave plate 1 4 which rotates its plan e of polarization by 
44 ^ clockwise. B e am 30B enters anoth e r port of the first halfwavc plate 1 4 which rotat e s 
th e plan e of polarization by 4 5^ oounterolookwiso. Therefore, halfwave plate 1 4 renders 
th e polarization s of b e am 30 A and 30B parall e l to e ach oth e r. 

Consid e ring a first s witching stat e in which th e light path of the spectral band that 
contains A4 is firom port 1 to port 2 and the complementary sp e ctral band that contain s 
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is guided out through port 3, ao indieated in Fig.lA. In this light path aato, both beams 
enter the first eiootrically eontrollable polarization rotator 16 whieh rotates the plane of 
polarization by ^S^clockwise with a corresponding applied electrical eontrol eurr e nt. 
The b e am s then pass through a birofiing e nt filt e r 1 8 which rotat e s the polarization of 
spectral band by 90^ but passes the spectrum band containing hr unaltered. Beam 30 is 
now fiirthcr decomposed into two sets of orthogonally polariz e d beams: beams 31A and 
31B for the A4 spectral band and beams 32A and 32B for the 7^ spectral band, as shown 
in Fig.lA. The two spectral bands ar e subsequently spatially separated by a birefiing e nt 
walk - oflf element 20 which changes the propagation of 32A and 32B of the spectral 
band with a spatial displacement along the x axi s . 

All the beam s then pass through the second stage birefiingent filter 21 which 
rotates th e polarization of beam s 32A and 32B by 90^ but pass e s beams 31A and 31B 
unaltered. 

At this point both beam s propagat e parallel to the longitudinal y axis but need to 
be bent at on angle 9 with re s pect to the y axis in order to bo eflSciently coupled into th e 
dual fiber collimator 11. A polarization independent light bending device 19 adjusts for 
this angle of propagation. 

All beams then pass through the second electrically controllable polarization 
rotator 17, which rotates their polarization by 15^ countoroloclcwise by applying an 
as s ociated electrical current flow or field. All four beams fiirthcr ent e r a halfwav e plat e 
15, which selectively rotates the polarization of 32B and 31B by ^5^ countcrcloclcwise 
and rotates 32A and 32A — by 45^ cloclcwise. — Block 13 subsequently combines 
orthogonally polariz e d beams 31A and 31B to form a s ingle b e am 31 that is also focused 
on optical fiber 3. — Similarly, block 13 combines beoms 32A and 32B to form a singl e 
boom 32 that is focused on optical fiber 2. Therefore an optical path fi-om fiber port 1 to 
fiber 2 for the A4 wavelength band and another optical path fi-om fiber port 1 to fiber 2 for 
the wavelength band are e s tabli s hed, when an appropriate control signal is appli e d to 
both e l e ctrically controllable Faraday rotator s 16 and 17. 

Next, considering a second wavelength switching state in which light path for 
spectral band i s fi"om port 1 to port 3 and for the complementary spectral band is firom 
port 1 to port 2, OS indieated in Fig.lB. In this light path sate, both beams 30A and 30B 
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enter the first oontrollablc Faraday rotator 16 whioh rotates tho plane of polarization by 
4^ ^eountoroloolcwis e vwth a oorrosponding current, rendering them in the horizontol 
direction, as seen in Fig. IB. Birofi-ingcnt filter 1 8 rotate s the polorization of spectral 
band by 90^ but does not change X4 spcotrum band. The two spcotral bands are 
subsequently spatially soparotod by a bircfiingont wollc ofif clement 20 whioh oltcr o the 
propogation of spectrum bond with a spatial displaoomont. Boom 30 is thereby fiirther 
divided into four boom s : 31A and 31B for the A4 spectrum band and 32A and 32B for tho 

^ spectrum bond- 
All four beams than pass through the second o tago birofiingcnt filter 21 whioh 
rotates the polarization of beams 31A and 31B by 90^ but passes booms 32A ond 32B 
unaltered. A poloiizotion independent light guiding device 19 fiirther bends the booms 
on angle 9 with respect to tho y axis to faoilitoto coupling into the dual fiber collimator 

All beam s then pass through the second olootricolly controllable polarization 
rotator 17, whioh rotates their polarization by 15^ cloclcwise by applying on associated 
olootriool eurrent flow or field. All four beams further enter a holfivavc plate 15, which 
soleotivoly rotates tho polarization of 32B and 31B by 15^ oountoroloclcwisc ond rotate s 
32 A ond 32 A by 15^ oloclcwise. Block 13 subsequently eombine s orthogonally polarized 
booms 31A and 31B to form a single bcom 31 that i s also focu s ed on optiool fiber 3. 
Similarly, block 13 combines booms 32A ond 32B to form o single boom 32 that i s 
focused on optiool fiber 2. Thorofore an opticol poth fi-om fiber port 1 to fiber 2 for tho kj 
wavelength bond and another optical path fi-om fiber port 1 to fiber 3 for tho A4 
wavelength bond ore established, when o control signal that is opposite to that of the first 
switching stoto is applied to both Faraday rotators 16 and 17. 

The above embodim e nt is o nonr e dproool d e vice using olootrioolly oontrolloble 
polorization rotators 16 and 17 of 15^ magneto optio Forodoy rotators. Another preferred 
embodiment of Fig.2 is o reciproeol wavelength switch. — The reciprocal embodiment 
requires straight forword modificotion of tho holfwove plat es 1 4 and 15 and using 
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oontrollablo polarigation rotatoro 16 ond 17 having 00* rotation in tho obove 

nonrooiprooal embodiment. Doth magneto optio Faraday rotators and electro optic 

rctardcr s can be uaod to conatruct tho 90* rotatora 16 and 17 in the reciprocal wavelength 
switch embodiment. Ao described in our ponding U.S. patent collimator 11 ad j acent to 
the second optical fiber 2. so that second optical fiber 2 and third optical fiber 3 are 
parallel. Beam propagations fi-om the second op tical fiber 2 and the third optical fiber 3 
have an angle with respect to the y-axis caused bv the fo cusing lens inside the second 
collimator 11. 

As shown in FIGS. 4A-4B. a beam 30 containing a fiill spectr um of data passes 
through a birefiingent element 12 and is thereby divided i nto two beams 30A and 30B 
having orthogonal polarizations. The length of the birefiingent element 12 is adjusted to 
obtain a spatial separation between beams 30A and 30B. w hich permits them to pass 
through independent optical elements, such as a halfwave p late 14. Beam 30A then enters 
a halfwave plate 14 which rotates its plane of polarization b v 45° clockwise. Beam 30B 
enters another part of the halfwave plate 14 which rotates the plane of polarization by 45° 
counterclockwise. The halfwave plate 14 renders the polariza tion of beams 30A and 30B 
parallel to each other. 

Considering a first switching state in which the ligh t path of the spectral band that 
contains Kt is fi-om port 1 to port 2 and the complementa ry spectral band that contains 
is guided out through port 3. as indicated in FIG. 4A. In this l ight path state, both beams 
30A and 30B enter the electrically controllable polarizat ion rotator 16 which rotates the 
plane of polarization bv 45° clockwise when a correspond ing electrical control current is 
a pplied. The beams 30A and 30B then pass through a birefi ingent filter 1« which rotates 
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the polarization of the %, spectral band bv 90° but pas ses the soectmm band containing X\ 
unaltered. The original beam 30 is now further decomposed in to two sets of orthogonallv 
polarized beams, namely, beams 31A and 31B for the X.i spectral band an d beams 32A 
and 32B for the X', spectral band, as .shown in FIG 4A. The two spectral bands are 
subsequently .spatiaUv separated bv a birefrineent wa lk-off element 20 which changes the 
propagation of beams 32A and 32B of the "k-, spectral band w ith a spatial displacement 
along the x-axis. 

All beams 31A. 31B. 32A. and 32B then pass thro ugh the second stage 
birefringent filter 21 which rotates the polarizatio n of beams 32A and 32B by 90° but 
passes beams 31A and 31B unaltered. 

At this point, beams 31A. 31B. 32A. an d 32B propagate parallel to the 
longitudinal v-axis but need to be bent at an angle fl with respect to the v-axis in order to 
be eflScientlv coupled into the dual fiber of the second colli mator 11. A polarization- 
independent beam angle deflector 19 adjusts for t his angle of propagation. 

All hftams 31 A. 31B. 32A. and 32B then pass throu gh a second electrically 
controllable polarization rotator 17. which rotates their polarization by 45° 
counterclockwise by applying an associated electrical cu rrent flow or field. All beams 
31 A. 31B. 32 A. and 32B fiirther enter a second halfwaye plate 15. which selectiyely 
rotates the polarization of 32B and 31B by 45° c ounterclockwise and rotates 32A and 
32A by 45° clockwise. A birefiingent element 13 subsequen tly combines orthogonally 
polarized beams 31A and 31B to form a sinde bea m 31 that is also focused onto port 3. 
Similarly, the birefiingent element 13 combines beams 32A and 32B to form a single 
beam 32 that is focused onto port 2. An optic al path fi-om port 1 to port 2 for the 
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wavelength band and another optical path from port 1 to port 3 for the h, wavelength 
band are established, when an appropriate control signal is apphed to both Faraday-type 
electricallv controllable polarizatio n rotators 16. 17. 

Next, considering a second wavelength switching stat e in which the light path for 
spectral band is from port 1 to port 3 and for the c omplementarv h, spectral band is 
from port 1 to port 2. as indicated in FIG 4B. In this Heht path state, both beams 30A 
and 30B enter the first Faradav-tvpe electricallv controUable polarization rotator 16 
which rotates the plane of polarization bv 45° c ounterclockwise with a corresponding 
current, rendering them in the horizontal directio n, as seen in FIG. 4B. A birefringent 
filter 18 rotates the polarization of V spectral ban d bv 90° but does not change the U 
spectrum band. The two spectral bands are s u hseguentlv spatiallv separated by a 
birefiingent walk-off element 20 which alters the p ropagation of the k^ spectrum band 
with a spatial displacement The beam 30 is ther eby fiirther divided into four beams, 
namelv. beams 31 A and 31B for the Xy spectrum h and and beams 32A and 32B for the hi 
spectrum band. 

All beams 31A. 31B. 32A. and 32B then pass through a second stage birefringent 
filter 21 which rotates the polarization of beams 32A and 32B bv 90° but passes beams 
31 A and 31 B unaltered A polarization-independent bea m angle deflector 19 fiirther 
bends the beams bv an angle 9 with respect to the v-axis to facilitate coupling into the 
dual-fibers of the second collimator 11. 

All beams 31A. 31B. 32A. and 32B then p ass through the second electricallv 
controllable polarization rotator 17. which rotates the ir polarization bv 45° clockwise by 
a pplying an associated electrical current flow or field. The beams 31A. 31B, 32A, and 
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32B further enter a halfwave plate IS. which selectivelv rotates the pola rization of 31B 
and 32B bv 45'' counterclockwise and rotates 31A and 32A bv 45'' clockwise. The 
birefiingent element 13 subsequently combines orthog nnally pol arized beam s 31A and 
31B to form a single beam 31 that is also focused onto port 3. Similarly- the bir eftingent 
element 13 combines beams 32A and 32B to form a single beam 32 that is focused onto 
port 2. An optical path from port 1 to the port 2 for the wavelength band and another 
optical path from port 1 to port 3 for the Xi wavelength band are established, when a 
control signal that is opposite to that of the first switching state is applied to both 
Faraday-type electrically controllable polarization rotators 16 and 17. 

The above embodiment is a nonreciprocal device using electrically controllable 
polarization rotators 16. 17 comprising 45"^ magneto-optic Faraday rotators. Another 
preferred embodiment of FIG. 2 is a reciprocal wavelength switch. The reciprocal 
embodiment requires modification of the halfwave plates 14 and 15 a nd electrically 
controllable polarization rotators 16 and 17 having 90"" rotation in the above 
nonreciprocal embodiment. Both magneto-optic Faraday rotators and electro-optic 
retarders can be used to construct the 90*" electrically controllable polarization rotators 16 
and 17 in the reciprocal wavelength switch embodiment. As described in a pending U.S. 
patent application, serial no. 09/971.285. an inventive reciprocal Faraday rotator that 
comprises a switchable first 45"^ garnet and a second permanent 45"" polarization rotation 
garnet is applicable to be used as electrically controllable polarization rotators 16 and 17 
in a bi- qpplicatioiu on inventive rcoiprooal Faraday rotator that oomprisca a awitohabl e 
first-4^ ^ garnet and a second permanent 45^ -p^aflz ation rotation garn e t is applicabl e to 
bo used as el e ctrically controllable polarization rotators 16 and 17 in a bi directional 


53 


wavelength switch embodiment. The combined Faraday rotator rotates Ught polarization 
between 0° when the two garnet rotations cancel each other and 90° when the two garnet 
rotations are in the same direction. An electro-optic rotator configuration with side 
electrodes described in n..r pnnHing pntontthp referenced application is also appUcable 
here to be used as electrically controllable polarization rotators 16 and 17 in the 
reciprocal wavelength switch embodiment. 

In one embodiment, the TTaraHay-typB electrically controHable polarization rotator 
Aftmpi=ka s16 and 17 mav be composed of yttrium-iron-gamet (YIG), or Bi-added thick 
fihn ciystals witii a low field of saturation, such as less than 200 Oe to reduce power 
consumption. One example of such materials is tiie bismutii-substituted rare earth iron 
garnet single crystal system represented by a chemical formula (GdRBi)3(FeGaAl)50i2, 
where R denotes at least one element selected fi-om the group consisting of yttrium (Y), 
ytterbium (Yb) and lutetium (Lu). The electro-magnet is_coupled to the.Faraday rotator 
oomprisoo primarily^ copper coils. Iron alloys are often incorporated into the electro- 
magnet to improve the strength of the electrically induced magnetic field oti-ongth. M L 
Semi-hard magnetic metallic alloys can be used to achieve latching performance, 
although tills is not essential for self-latching type garnets. Therefore, tiie inventive 
switch requires only a current pulse to switch tiie optical patiis fi-om one to another by 
reversing tiie polarity and achieving latching of the switching state even when the current 
is removed. 

The general requirement for the electro-optic phase retarder used in the iavestive 
Miwtflhe spresent invention is tiiat, when a voltage is applied, a polarization rotation of 90" 
or ± 45° is produced. Preferably, the material has a high electro-optic coefficient to 
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reduce operating voltages to less than 500 volt fl . 500-volts. good thermal stability, and 
good transparency at the wavelength of interest, e.g., between 1200 nm and 1600 
«m -12QQ-nm and 1600-nm. These requirements are satisfied by a class of ferroelectric 
complex oxides which have a Curie temperature less than about 600°-C, so that electro- 
optic coefficients are high in the operation temperature range. Example material systems 
are rinclude a solid solution of lead manganese niobate and lead tantalate (PMN-PT) and a 
soUd solution of lead niobate zirconate and lead tantalate (PNZ-PT), lead manganese 
niobate (PMN), lanthanum modified PZT (PLZT). More members of this class of 
materials may be discovered in the fiiture. It is particularly preferable to use single- 
ciystfll -crvstal f orms of the said class of ferroelectric materials as they provide good 
repeatabiUty and temperature independent operation. Another family of electro-optic 
materials applicable to the invntitivn nwitohoapresent invention is new solid organic 
materials, such as polymers and organic crystals with large electro-optic effect. SoUd 
organic electro-optic materials have an advantage of higher switching speed due to their 
relatively smaller dielectric constant. 

Thcro ore many methods to molco light bonding dovioo 19. One embodiment of 
Hnvinn 10 nnnnint nThe beam angle deflector 19 is tvpicallv a prism-based device. For 
example in some embodiments, the beam anele defl ector 19 mav consist of a tapered 
glass prism, whose angle is adjusted so that beams entering fi-omfiber ports 2 and 3 are 
rendered parallel to the y-axis as the beams exit devieethe beam angle deflector 19. 
Other shapes and constructions of prisms can also perform the same fimction. In another 
embodiment, the Hght giiiHing riovio e h eam angle deflector 19 can be constructed asiagof 
two tapered birefiingent plates usually formed fi-om the same birefiingent material to 
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change angle of propagation. Two such examples are Wollaaton typo and Roohon 
♦yp ftWnllaston-tvpe and Rochon-tvoe prisms. 

The above device is a specific embodiment. However, one of ordinary skill in the 
art will readily recognize that this method and system will operate effectively for other 
components having similar properties, otiier configurations, and otiier relationships 
between components. 

Reflection Mode Wavelength Selective Switch 

An alternative embodiment of tiie present invention is a folded path thr e e 
pflrtfnlded- path. three-Dort optical wavelength selective switch configuration, which uses 
fewer and shorter components than the straight-path embodiment. 

FIG. 5 depicts a specific nonreciprocal Hnal n tagedual-staee reflection mode (1x2) 
wavelength selective switch configuration. By use of a right angle prism 22, Aisthe 
reflection mode switch essentiaUy folds the straight switch in ¥i^¥lG2 Scorn the center. 
Therefore, the reflection configuration advantageously eliminates the second stage need 
fnr r>i»mo«tc 11 17 1g an db irefiingent fil t er 21. the electricallv controllable polarization 
rotator 17. the halfwave plate 15. and th e hirefnnpent element 13 as well as shortens the 
lengtfis of birefringent elem«rtsfiltCT 18 and hirefiingent walk-oflf element 20 by half due 
to the double passes inherent in this path. A dove typo pri o m typeembodiment. A dove- 
tvpe. prism-tvpe position displacer 23 is incorporated here to provide larger separation 
between oniiimntnm in nn dfirst collimator 10 and second collimator 11 for ease of 
manufacturing, manufactore. A plate 24 is also added to compensate the travolin^ rjhg 
travel distance (path-length) difference between tiie two polarization components caused 
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by thg_birefiTngent efysta telement 12. In this embodiment, the switchable electricaUv 
controUable p olarization rotator 16 is a 45° Faraday garnet rotator. The operation 
principle can be easUy understood in the same way as the above embodiments by 
following the ray traces illustrated in FIG._5. 

FIG. 6 depicts an exMapl eexamplarv bi-directional single-stage reflection-mode 
wavelength switch. In this embodiment, the switchable electrically controllable 
polarization rotator 16 is a 90° rotator of Faraday garnets or an electro-optic crystal, 
similar to the straight-path version discussed above. In this configuration, the_44 
AAwiprifM ^halfwave plate 14 is comprised of a halfwave 90° rotator bottom aperture and a 
polarization mode-dispersion compensation plate top aperture. This kw^ive 
nnnfigurntio nembodiment uses fewer components than the above embodiments. 

Reflection Mode Wavelength Interleaver 

The invnntivn rfRvioe present invention can also be configured as a passive optical 
wavelength interleaver. FIG. 7 depicts a passive reflection interleaver embodiment. This 
inventive device uses fewer components and has increased alignment tolerance compared 
to the prior art. Therefore, it is easier to be produced and itsproduce and cost is lower. 
The operation principle can be easily understood by following the ray traces illustrated in 
FTfl 7 the name wa yF IG. 7. as described in the above sections. 

Reflection Mode Wavelength Independent Switch 

The inventive device can be fiirther configured to fimction as a^wavelength- 
independent optical light path switches by simply removing wavolengththe birefiingent 
filter 18. FIG. 8 depicts a bi-directional 1x2 optical switch embodiment. A light beam!- 
is launched through the first coUunator 10, spatiallv d isplaced by a dove-type, spatially 
hy fl pri-i mprism-tvpe position disolacer 23, so that alignments of firsLcollimator 10 and 
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11 nrn mnAt> PTinnr second collimator 11 are easier made. The input beam is then 
decomposed into two orthogonally polarized components and spatially separated by thg 
waiV-nflFfiTyswOhirefrin gent element 12. Their polarizations are consequently rotated by a 
hal^ave plate 14 rendering them parallel in the z direction, z-direction. Consider a first 
switching state in which the light path is fi-om porLl to EorL2, as indicated by the soUd 
beam propagation line in FIG. 8. In this Ught path state, the_electricaUy controUable 
polarization rotator 16 rotates the plane of polarization by 0". The two beams then pass 
through a birefringent walk-oflf element 20 unaltered- Right angle pri o m 22 polarization 
in dependentl y rr fl rrti W"^^ ^""""^ rig ht-an ^le prism 22 reflects the beams 

hack so as to have a displacement in v dirootion x -direction. The reflected beams pass 
through a bir efrin gent walk-off element 2 0 without change but are bent by a beam angle 
deflector 19 at an angle that matches the coupling angle of second coUimator 11. Again, 
the reflected beams pass through the electrically c ontrollable polarization rotator 16 
without rotation. Halfamv eThe halfwave plate 14 renders the parallel polarized reflected 
beams orthogonal and hi ^hf^ wAlk-off hirefrineent element 12 combines the two beams 
to form a single beam that is focused to optioal fibor ontojgort 2 mounted in the second 
collimator 11. Thoroforo anA n optical path fi-omfibeF port 1 to fibefport 2 is established, 
when no rotation is applied to the electrically controllab le polarization rotator 16. 

Next, consider a second switching state in which the light path is fi-om port 1 to 
port 3, as shown in FIG. 8 by the dotted beam propagation Une. Similarly, a first optical 
fiber 1 emits a hght beam that becomes two vertically polarized beams after the halfwave 
plate 14. In this light path state, an electrically controUable polarization rotator 16 rotates 
the plane of polarization by 90". The two horizontally polarized beams are then displaced 
a distance in x diroctio nt he x-direction by passing birefiingent walk-off element 20. 
Right angl eThe rieht-angle prism 22 reflects back the beam with an additional 
displacement in the y dirootion. x -direction. The reflected beams pass through the 
birefringent walk-off element 2 0 with another fiirther displacement in the x dircotiom g: 
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direction and are bent by the beam angle deflector 19 at an angle. Again, the reflected 
beams pass through the electrically controllable polarizatio n rotator 16 with a second 
stage 90° rotation. Hnlfwav oT he halfwave plate 14 renders the parallel, polarized beams 
orthogonal and htoe kthe walk-oflf birefiingent element 12 combines the two reflected 
beams to form a smgje beam that is foouood to optioal fibor 3. Thorofore onfocused onto 
ports. An optical path fi-ontffeer port 1 to fibefport 3 is estabUshed, when a 90° rotation 
is applied to the electrically controllable polarization r otator 16. 

The above descriptions of the 1^2 embodiments are very specific examples. It 
will be apparent to a person of average skill in the art that many variations of the switch 
are possible within the scope of the invention. Accordingly, the scope of the invention 
should be determined by the following claims and their legal equivalents. 
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ABSTRACT 

The present invention provides an improved optical wavelength switches in which 
no mechanical movement is required to du-ect optical pathways between pluFalseveral 
fiber ports. The inventive three fiber port devices divide th ct hree-fiber port device 
divides mcoming optical signals into two subsets of spectra and selectively directs them 
into two output ports in response to an electrical control signal. In the inventive switch, 
an optical signal is spatially split into two polarized beams, by a birefiingent element, 
which thereafter p ass through a series polarization rotation elements and recombine into 
output fibers, achieving polarization independent operation. Advantageously, the 
inventive switche s incorporat e switch incorporates two-stage polarization rotations to 
improve isolation depth, as well as temperature and wavelength mdependence. The 
inventive switches fliso incorporat ci nvention also incorporates light bending devices to 
allow two fibers to be coupled to the light beams usingvia a single lens, thereby 
achieving small beam separation for compactness. The switches of the present 
invention Switches rely on electro-magnetically or electro-optically switching the beam 
polarizations fi-om one state to another to rapidly direct the light pathr-pariL 
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AMENDMENTS TO CLAIMS 

The listing of claims will replace all prior versions and listings of claims in the 
explication: 

Claim 1. (cuirently amended) An optical switch for selectively directing Ught with a certain 
set of spectra from a first fiber to a second fiber or to a third fiber and directing light with 
another set of spectra from said first fiber to said third fiber or to said second fiber, said 
second fiber and said third fiber being located adjacent to each other along a longitudinal 
axis, said optical switch comprising along said longitudinal axis in sequence from said first 
fiber to said second fiber and said third fibers: 

a) a first lens for guiding light from said first fiber and to said second or smd third 
fibers; 

b) a first block of birefringent material for separating and combining mutually 
orthogonal polarizations; 

c) a first compound half-wave plate for rendering mutually parallel polarizations 
orthogonal and mutually orthogonal polarizations parallel; 

d) a first compound polarization rotator whose polarization rotation can be electrically 
controlled; 

e) a fist first wavelength filter whose polarization rotation is wavelength dependent; 
Q a polarization-dependent beam path deflector; 

g) a second wavelength filter whose polarization rotation is wavelength dependent; 

h) a polarization-independent beam angle corrector, 

i) a second compound polarization rotator whose polarization rotation can be 
electrically controlled; 
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j) a second compound half-wave plate for rendering mutually parallel polarizations 

orthogonal and mutually orthogonal polarizations parallel; 
k) a second block of birefringent material for separating and combining mutually 

orthogonal polarizations; and 
1) a second lens for guiding light to said second fibs: or smd third fiber fi-om said first 

fiber, wherdn said second fiber and said third fiber are placed adjacent to each other 

to form a dual collimator and exit said second lens at an angle 9 with respect to said 

longitudinal axis. 

Claim 2. (currently amended) The optical switch of claim 1 wherein said boom oorrootor 
pnlariTatinn-i ndependent beam angle corrector is a glass prism that provides a beam 
receiving angle for said second fiber and said third fiber in sad dual fibw collimator. 
Claim 3. (original) The optical switch of claim 1 wherein said polarization-dependent beam 
path deflector comprises two tapered birefiingent plates. 

Claim 4. (currently amended) The optical switch of claim 1 wherein said first compound 

polarization rotator and sad second compound polarization rotators comprise a 45° Faraday 

rotator, m4 said 45! Faraday rotator is coupled to electromagnets. 

Claim 5. (currently amended) The optical switch of claim 1 wherein said first compound 

pnlariy ^itinn rotator and said second compound polarization rotators comprise a 90° Faraday 

rotator. 

Claim 6. (currently amended) The optical switch of claim 5 fiirther comprising A 
compound polarization rotator aosombly according to oloim 5 comprises a first switchable 
45° Faraday rotator that is coupled to an electromagnet and a second permanent 45° 
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Faraday rotator, #ie said second permanent 45° Faraday rotator comprises either a latching 
garnet plate or a garnet plate saturated by a permanent magnet. 

Claim 7. (currently amended) A Faraday rotator assembly according to claims A and 6, The 
optical switch of claim 4 or claim 6 wherein said a magnetic field applying moans is 
formed by a coil and an electromagnet formed of a semi-hard magnetic material. 
Claim 8. (currently amended) The optical switch of claim 1 wherein said first compound 
polarization rotator and said second compound polarization rotators are selected from a 
class of garnet materials characterized by having a saturation field of less than 500 Oe. 
Claim 9. (currently amended) The optical switch of claim 1 wherein said first compound 
polarization rotator and sdd second compound polarization rotators eemprise are an 
electro-optic retarder. 

Claim 10. (currently amended) The optical switch of claim 1 wherein said first compound 
polarization rotator and said second compound polarization rotators are selected from a 
class of feiToelectric materials characterized by having a Curie temperature of less than 
about 600° C and having a Vti of less than about 600V. 

Claim 11. (currently amended) The optical switch of claim 1 wherein said first compound 
polarization rotator and §ad second compound polarization rotators are selected from a 
class of solid organic materials characterized by having a Vtc of less than about 600V. 
Claim 12. (currentiy amended) The optical switch of claim 1 wherein said first block of 
hirefrin gent material, and said second blocks of birefiingent material, said polarization- 
dependent beam deflector, said tapered plates said first wavelength filter, and said 
second wavelength filters eemprise are a material selected from the group consisting of 
rutile, caldte, and yttrium orthovanadate. 
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Claim 13. (currently amended) A reflection mode optical wavelength switch for selectively 
directing light with a certain set of spectra from a first fiber to a second fiber or to a third 
fiber and directing Ught with another set of speetwm spectra from said first fiber to said 
third fiber or to said second fiber^ on the same side of said first fiber, said second fiber and 
said third fiber being located adjacent to each other along a longitudinal axis, said eptieal 
reflection modft optical wavelength switch comprising along said longitudinal axis in 
sequence: 

a) a first lens for guiding light from said first fiber end to said second or smd third 
fibers; 

b) a second lens for guiding light to said second fibs: or said tWrd fiber from said 
first fiber, whereia said second fiber and said third fiber efe placed adjacent to each other 
to form a dual coUimator and exit said second lens at an angle with respect to said 
longitudinal axis; 

c) a block of birefiingent material for separating and combining mutually orthogonal 
polarizations; 

d) a compound half-wave plate for rendering mutuaUy parallel polarizations 
orthogonal and mutually orthogonal polarizations parallel; 

e) a compound polarization rotator whose polarizations rotation can be electrically 
r^ntrnlleH, said com pound polarization r o tator being composed of a single-piece crystal 
of regular sh a pe so as to allow a pluralit y of beams to nass through said compound 
polarization rotator w ithout bypass: 

f) a polarization-independent beam angle corrector; 

g) a wavelength filter; 
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h) a polarization-dependent beam path deflector; and 

i) a prism reflector. 

Claim 14. (currently amended) The reflection mo de optical wavelength switch said prism 
d^eeter of claim 13 wherein said prism reflector is a total reflection right angle prism. 
Claim 15. (currently amended) The reflection mode optical wavelength switch eptieal 
switch of claim 13 further comprises comprising a beam displacement prism located in 
fi-ont of said first lens for increasing Ae separation between said first lens and said second 
lens. 

Claim 16. (currently amended) The reflection mode optical wavelength switch optieal 
swit^ of claim 13 wherein ^ said compound polarization rotator is a 45° rotator. 
Claim 17. (currently amended) The reflection mode optica l wavelength switch eptieal 
svfllt^ of claim 13 wherein said compound polarization rotator is a 90° rotator. 
Claim 18. (currently amended) The reflection mode optical wavelength switch eptieal 
switeh of claim 13 wherein the said compound half^wave plate fiirtiier compris e s 
comprising a compensation plate that49 configured to compensate for optical path length 
difference between an ordinary ray and an extraordinary ray in the said block of 
birefiingent material. 

Claim 19. (currentiy amended) A reflection mode optical wavelengtii interleaver for 
directing light with a certain set of speefrwa specti^a fi-om a first fiber to a second fiber or to 
a third fiber and directing light with another set of speefeam spectra fi-om said first fiber to 
said tiiird fiber or to said second fiber? on the same side of said first fiber, said second fiber 
and said tiiird fiber being located adjacent to each other along a longitudinal axis, said 
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optioal gwitoh reflection mode optical w avelength interleaver comprising along said 
longitudinal axis in sequence: 

a) a first lens for guiding light fi^om said first fiber end to said second or said third 
fibers; 

b) a second lens for guiding light to said second or said third fiber fi-om said 
first fiber, whweia said second fiber and said third fiber are placed adjacent to each other 
to form a dual collimator and exit said second lens at an angle with respect to said 
longitudinal axis; 

c) a block of birefringent material for separating and combining mutually orthogonal 
polarizations; 

d) a compound half-wave plate for rendering mutually parallel polarizations 
orthogonal and mutually orthogonal polarizations parallel; 

e) a polarization-independent beam angle corrector; 

f) a wavelength filter; 

g) a polarization-dependent beam path deflector; Md 

h) a prism reflector. 

Claim 20. (currently amended) A reflection optical switch for directing light fi-om a first 
fiber to a second fiber or to a third fiber? on Ae same side of said first fiber, said second 
fiber and said third fiber being located adjacent to each other along a longitudinal axis, 
said reflection optical switch comprising along said longitudinal axis in sequence fi-om 
said first fiber to said second fiber and sad third fibers: 

a) a first lens for guiding light fi-om said first fiber and to said second fibw; or s^d 
third fibers; 
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b) a block of birefringent material for sqparating and combining mutually orthogonal 
polarizations; 

c) a compound half-wave plate for rendering mutually parallel polarizations 
orthogonal and mutually orthogonal polarizations parallel; 

d) a compound polarization rotator whose polarizations rotation can be electrically 
nnntrnlle d said compound polarization rotator be inp composed of a single-piece crystal 
of regular shape so as to allow a plurality of bea ms to pass through said compound 
polarization rotator with out bypass: 

e) a polarization-independent beam angle corrector; 

f) a polarization-dependent beam path deflector; Md 

g) a prism reflector. 

Claim 21. (currently amended) The reflection optical switch of claim 20 wherein *e said 
compound polarization rotator is a 45° rotator. 

Claim 22. (currently amended) The reflection optical switch of claim 20 wherein the said 
compound polarization rotator is a 90° rotator. 
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ARGUMENTS AGAINST R E.IECnON nr-orn/r-K 
Reconsideration and aUowance are respectfuUy requested in view of the foregoing 
amendments and the following remarks. TC 2Q0 j , nooM 

CLAIM REJECTIONS - 35 U.S.C. § 103 

Claims 13-14 and 16-22 have been rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Hou et al. U.S.P. No. 6,441,961. 

The rejection is traversed. 
Arguments - Claims 13-14, 16-18. and 20-22 

Hou et al. teaches a folded optical interleaver with optional routing capability 
having an irregular shaped polarization rotator. Referring to FIG. 2A in Hou et al., a 
polarization rotator (210) is shown having a gap (21 1) so as to allow a beam to bypass the 
rotator entirely (see colunm 5, lines 51-54). In the present invention, the polarization 
rotator is comprised of a single, regular shaped crystal through which all beams pass 
without bypass. Independent claims 13 and 20 were amended in the present invention 
according. 

The gap (21 1) in Hou et al. not only requires the use of a two-piece garnet but 
requires a large applied field to compensate for losses resulting fi-om the gap. Moreover, 
Hou et al. is impractical since his irr^ar shaped rotator rendws electrode fabrication on 
the rotator very difficult and impractical to manufacture in a cost effective manner. The 
design of the present invention provides a truly active wavelei^ switch. Whereas, the 
invention described and claimed by Hou et al. is not active, due in part to the gap (21 1) 
feature discussed above. 
Arguments - Claim 19 
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Hou et al. teaches a folded optical interleaver with optional routing capability 
having a polarization and/or Faraday rotator and a pair of birefringent elements (see 
nOS. 2A-2F, 3A-3D, 4A-4B, 5A-5D, 6A-6B). In the present invention, a single 
birefringent element is provided and neither a polarization and/or Faraday rotation is 
claimed. 

For these reasons, it is respectfuUy submitted that the Section 103(a) rejection is 
misplaced, and reconsideration and withdrawal of the same are respectfully requested. 


69 


CONCLUDING REMARKS 

Applicant respectfully requests acceptance of corrected drawings and Substitute 
Spedfication. 

In view of the above, it is submitted that the amended claims are in condition for 
allowance. Reconsideration of the rejections is requested. If, after reviewing the above, 
the Examiner believes any issues remain unresolved, the favor of an Examiner interview 
is requested and the Examiner is requested to contact the undersigned, by telephone, to 
schedule the same. 


Respectfully submitted. 



Michael G. Crilly, ^squire 
Registration No. 44,631 
104 South York Road 
Hatboro, PA 19040 
Telephone: 215-672-6220 
Fax: 215-672-1639 
Email: crilly@erols.com 
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